Introduction
Active and reservoir reactive nitrogen compounds play an important role in tropospheric chemistry. Oxides of nitrogen (NOx = NO + NO2) are critical in determining atmospheric oxidation rates by influencing the photochemical production of ozone and, consequently, hydroxyl radical concentrations in the troposphere [e.g., Crutzen, 1974 Crutzen, , 1979 
Instrumental Methods
Nitric oxide was measured with a chemiluminescence detector utilizing the reaction of NO with 03, and ambient NO2 was measured by photolyzing NO2 to NO upstream with subsequent detection of NO [e.g., Ridley et al., 1987 Ridley et al., , 1988 Ridley et al., , 1989 Carroll et al., 1990a Carroll et al., ,b, 1992 . One detector alternated between measuring NO and NO 2. NOy species were converted to NO on a gold catalyst with CO as a reducing reagent [Bollinger et al., 1983; Fahey et al., 1985 Fahey et al., , 1986 , followed by chemiluminescence detection of NO using a second detector. Only the features relevant to this field study will be described in detail. Since mass flowmeters can be sensitive to temperature changes, both of the mass flow controllers in the NO x and NOy inlet boxes were held at 35øC. To avoid any contamination of sampled air by the inlet boxes, both enclosures were equipped with a 6-inch fan, and exhaust was vented though a dryer hose extending 15 m away from the sampling platform. The two chemiluminescence detectors, along with the ozone sources, calibration module and data acquisition and control systems, were located inside the same building housing the instruments for measuring aerosols and the data acquisition system for recording wind speed and wind direction measurements. Pump exhaust and dumped calibration standards were also vented through the dryer hose. Calibrations were conducted roughly every 3.5 hours by adding a small flow of standard gas to the ambient airstream. Calibration standards were added at levels of-3 parts per billion by volume (ppbv). The NO standard mixture (in N2, Scott Marrin Inc.) was compared with the National Institute of Standards and Technology (NIST) Standard Reference Material, and it agreed (difference < 3%). A flowing NO2 standard was generated via titration of the NO standard with 0 3 generated by photolyzing 02 with a mercury vapor lamp. The NO 2 standard was used to determine the conversion efficiencies of both the photolytic and the catalytic converters. In addition, gaseous HNO 3 obtained from a permeation tube was used to check the catalytic converter efficiency in the field and in the laboratory after the field experiment. Since the level of NO2 (extent of titration) was found to vary with time, it was determined indirectly by quantifying the NO remaining after titration during each calibration period.
Throughout the experiment, the sensitivities of both detectors with respect to NO were very stable. Average instrument sensitivity was 4.87 (standard deviation, +0.13) counts per second per parts per trillion by volume (cps/pptv) for the NOx detector and 3.80 (standard deviation, +0.09) cps/pptv for the NOy detector. The efficiency of the NO 2 photolytic converter ranged from -16% at the beginning of the experiment (as a result of imperfect optics adjustment) to -24% throughout the rest of the experiment. The Xe lamp was not replaced during the experiment (23 days) since there was no indication of a decreasing NO2 conversion efficiency. In the NOy detection system the NO 2 conversion efficiency in the gold converter never dropped below 95% (in both ambient air and synthetic air). During the field study, the HNO 3 conversion efficiency was evaluated in zero air (HNO 3 was added at the position of 2 inches from the front end of the sample inlet tube, Figure 2) . However, the signal of the NO v detector was not stable and exhibited sinusoidal behavior for a 3-hour period, which may be attributed to unstable delivery of the HNO 3 standard. After the field study, a similar test was conducted in our laboratory on the two converters used in the field, without reconditioning following their most recent use in hopes of maintaining them in the same condition as in the field. The results show that the HNO3 in zero air was converted at an efficiency of-95% and -100% on the two converters, respectively. The efficiency was determined by comparing the signal of the NOy detector when the Au catalyst was maintained at 300øC to that at 500øC, assuming that nitric acid was converted completely at 500øC. The high conversion efficiency of HNO3 obtained in the lab was taken as an indication that HNO 3 was converted at high efficiency in the field as well because (1) both converters were routinely reconditioned, as described below, every second day throughout the study period; and (2) HNO 3 depends on ambient humidity. In the present study, although we could not be absolutely sure, there seemed no indication of converter poisoning by sea salt at Sable Island (NO2 conversion efficiencies were > 95% and HNO3 conversion efficiencies were also believed to be high, as discussed previously). Concerning the removal of HNO 3 within the inlet, we hoped to reduce this problem by heating the inlet to 100øC. However, the effectiveness of this approach was not evaluated in the field. Postcampaign tests on HNO 3 were conducted using dry cylinder air. It should be noted that this measurement site is not in the immediate sea spray zone where the sea-salt problems were discovered.
Artifacts found in this study were quite high and variable, which were mainly attributed to carbonyl compounds in the CO cylinder and to outgassing from the converter and/or An example of these events can be seen around noon on August 21. Typically, these peaks in NOy levels lasted from a half hour to several hours and such periods occurred throughout this study. The ratio of NO x to NOy is found to increase during these NO x and NOy peaks, which suggests that reactive nitrogen observed during these periods may have come from relatively fresh sources in the area. Exhaust from the island generators could contaminate air samples measured at the site in two ways: (1) an air parcel carrying pollutants to the site sampled shortly after contamination and (2) an air parcel carrying pollutants that had been transported away from the site for some time and returned to the site due to a change in the flow pattern. However, the chemical and surface wind data associated with these peak events were examined, and no indication that the air sampled during these periods had been contaminated by the island generators was found. Instead, sources upwind of Sable Island (e.g., ship exhaust and emissions from the oil production facility) may have contributed to these observed peaks. This speculation is supported by the fact that diesel generators at the oil production platform and diesel engines that are widely used on ships tend to burn fuel efficiently, discharging exhaust with high NO x to CO ratios and large amount of particles. Additionally, a least one radio contact was made by the Sable Island Weather Station during an NOy peak event, and there was indeed a ship passing the island upwind of the measurement site. Surface wind, reactive nitrogen, and aerosol concentration data were examined in an attempt to find particular wind direction window(s) in which these sources appear dominant. These sources appeared to exist in all wind directions except for easterly and southeasterly flows (data associated with northeasterly flows were contaminated by the generators).
Although the levels of reactive nitrogen sometimes varied independently of CO and ozone, there were periods when reactive nitrogen, CO, and ozone were correlated. 
, [this issue], for details).
Indications of stratification will be discussed below in this paper. Another interesting feature during the pollution episode is worth mentioning: NOy (as well as NOy-NOx) and condensation nuclei reached their peak levels around 0300 on August 28 and then showed a rapid decrease, whereas CO and 0 3 remained rather constant and then showed a slower decrease. We attribute this behavior to the removal of relatively soluble species such HNO 3, aerosol nitrate, and condensation nuclei along the air mass trajectory. Carbon monoxide and 03 are less affected by this type of removal process. This phenomenon is discussed below and is also addressed by
Roberts et al. [this issue].
In contrast to the pollution episode, air masses with different characteristics were sampled for a 36-hour period on September 4-5 following the passage of Hurricane Emily. ozone and CO levels were low and the median mixing ratios were 19 and 78 ppbv, respectively. The mean values for 03 and CO mixing ratios in this subdata set are 19 ppbv and 79 ppbv, respectively. Their histograms are approximately represented by a Gaussian distribution. In the "polluted" case, however, both 0 3 and CO levels are much higher than in the "clean" case. Median mixing ratios are 38 ppbv and 147 ppbv for 03 and CO, respectively. The majority of data collected during the study falls in the "rest" category which has a median of 27 ppbv and 108 ppbv for 03 and CO, respectively. These distributions lie between those of the "clean" and "polluted" cases.
For reactive nitrogen the above grouping approach is not so obvious as it is for ozone and CO. For example, even in the "clean" event, both NOx and NOy were highly variable in their respective levels. Although the median mixing ratio of NOy is 189 pptv, the mean value is 321 pptv and 4.6% of the data in this category exceed 1000 pptv. NO x showed a similar distribution with a median of 98 pptv and a mean of 153 pptv. This suggests the existence of sources characteristic of high NOx to CO ratios in the area that contribute to the reactive nitrogen levels observed at Sable Island. Evidence of these sources can be seen in all three subdata sets. The pollution episode was responsible for the extremely high concentrations of 0 3 and CO, but this does not hold true in the case of reactive nitrogen.
Therefore the general picture is that at Sable Island the variability of CO and 0 3 seems to be determined by the longrange transport of air masses with different histories, whereas the levels of NO x and NOy are primarily determined by the sources within relatively short distances. This may be a feature characteristic of the western North Atlantic, and the impact of these sources on the regional ozone budget needs to be further The relationship of reactive nitrogen species with CO and 0 3 can provide valuable information on source origin, transport, photochemical transformation and physical removal processes involving these species. As discussed by t"ehsenfeid et ai. [this issue (a)], a previous study conducted by Parrish et al. [ 1993a] found that the ozone correlated well with CO, an anthropogenic tracer, at three surface sites near the Atlantic Coast of Canada (Sable Island was one of the sites) and concluded that elevated ozone is produced from precursors of anthropogenic origin, i.e., NO x and volatile organic compounds (VOCs). Figure 7 shows the correlation plot between ozone and CO obtained during the present study. Here, the relation between these two species was found to be similar to that observed in the previous study. The correlation of NOy with CO is shown in Figure 9 . Here, a simple linear correlation does not exist. The NOy axis is set to exclude the data points for NOy > 3000 pptv (14 points) in order to focus on levels typically observed. The relationship between these two species is complicated not only by NOy removal processes likely represented by the data in the top left-hand corner of the graph but also by the relatively fresh emissions of NOx discussed throughout the text, likely represented by the data in the bottom right-hand corner of the graph.
Finally, an important unresolved issue in the field of atmospheric chemistry concerns the validity and limitation of surface measurements in the marine boundary layer in addressing science questions that are regional in nature. This is especially of concern because of the stratification frequently indicated in the marine environment. Comparing surface measurements with those made by overflying aircraft is valuable. During the experiment, three instrumented aircraft flew over or near Sable Island at different altitudes. In this paper, measurements onboard the Gulf Stream-l(G-1) and the King Air aircraft are compared with the surface measurements. Table  1 
